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Abstract: In the recent years, reversible logic has emerged as a promising technology hav^M^its 
applications in low power CMOS, quantum computing, nanotechnology, and optical comrating. The 
classical set of gates such as AND, OR, and EXOR are not reversible. Recently a 4 * 4 reversiW^ga?e called 
"TSG" is proposed. The most significant aspect of the proposed gate is that it can work sinsM^i reversible 
full adder, that is reversible full adder can now be implemented with a single gate only^ThisVaper proposes 
a NXN reversible multiplier using TSG gate. It is based on two concepts. The po^ products can be 
generated in parallel with a delay of d using Fredkin gates and thereafter the additipl^^h be reduced to log 
2 N steps by using reversible parallel adder designed from TSG gates. Similaj^l^tiplier architecture in 
conventional arithmetic (using conventional logic) has been reported int^^ting literature, but the 
proposed one in this paper is totally based on reversible logic and rev^rsiWe ^fls as its building block. A 
4x4 architecture of the proposed reversible multiplier is also designeG^hun^limonstrated that the proposed 
multiplier architecture using the TSG gate is much better anA^^hized, compared to its existing 
counterparts in literature; in terms of number of reversible gatpsj^n/fr garbage outputs. Thus, this paper 
provides the initial threshold to building of more complex sy^^y which can execute more complicated 
operations using reversible logic. + 

1. Introdfeuion 

This section provides an effective background of^^pisible logic with its definition, the motivation behind 
it, and some key features of the proposed work^ 

0\^i. Definitions 

Researchers like Landauer have shoffo^bat for irreversible logic computations, each bit of information lost 
generates kTln2 joules of heat ^^rgy,where k is Boltzmanns constant and T the absolute temperature at 
which computation is perfomji^J}. Bennett showed that kTln2 energy dissipation would not occur, if a 
computation is carried oiiVA^^versible way [2], since the amount of energy dissipated in a system bears a 
direct relationship to th^immber of bits erased during computation. Furthermore, voltage-coded logic 
signals have energy ^fcig = V2CV 2 , and this energy gets dissipated whenever switching occurs in 
conventional (irre/eTWrte) logic implemented in modern CMOS technology. It has been shown that 
reversible logic^l^nn saving this energy using charge recovery process [13] . Reversible circuits are those 
circuits that nSt lose information. Reversible computation in a system can be performed only when the 
system coifcAses of reversible gates. These circuits can generate unique output vector from each input 
vector,^ai2race versa, that is, there is a one-to-one mapping between input and output vectors. Thus, an 
I^^l^sible gate can be represented as Iv=(Ii,l2,l3,l4, IN) Ov=(Oi,02,03, ON). 

Where Iv and Ov represent the input and output vectors respectively. Classical logic gates are irreversible 
since input vector states cannot be uniquely reconstructed from the output vector states. There are a 
number of existing reversible gates such as Fredkin gate[3,4,5], Toffoli Gate (TG) [3, 4] and New Gate (NG) 
[6]. 

1.2. Motivation behind Reversible Logic 

The reversible logic operations do not erase (lose) information and dissipate very less heat. Thus, reversible 
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logic is likely to be in demand in high speed power aware circuits. Reversible circuits are of high interest in 
low-power CMOS design, optical computing, quantum computing and nanotechnology. The most 
prominent application of reversible logic lies in quantum computers. A quantum computer can be viewed 
as a quantum network (or a family of quantum networks) composed of quantum logic gates; each gate 
performs an elementary unitary operation on one, two or more two-state quantum systems called qubits. 
Each qubit represents an elementary unit of information corresponding to the classical bit values o and l. 
Any unitary operation is reversible, hence quantum networks effecting elementary arithmetic operations 
such as addition, multiplication and exponentiation cannot be directly deduced from their classical Boolean 
counterparts (classical logic gates such as AND or OR are clearly irreversible). Thus, Quantum Ar^thrfftidc 



must be built from reversible logic components [10] . 

1.3. Proposed Contribution 



In this paper, the focus is on the application of new reversible 4*4 TSG gate [12] and irfimpl^mentation for 
designing novel reversible multiplier. A NXN reversible multiplier is also proposed ^>aper. A similar 

multiplier in conventional arithmetic (using conventional logic) has been reportejfor^It is based on two 
concepts. The partial products can be generated in parallel with a delay o^xfc^ng Fredkin gates and 
thereafter the addition can be reduced to log 2 N steps by using reversible paraf^fcdder designed from TSG 
gates. A 4x4 architecture of the proposed reversible multiplier is also d^sig^ecj^Tt has been proved that the 
proposed multiplier architecture using the proposed TSG gate is bet1^<ol^n|the existing ones in literature, 
in terms of number of reversible gates and garbage outputs. The re^^j^le circuits designed and proposed 
in this paper form the basis of the ALU of a primitive quantum CPl 

2. Proposed 4* 4 Reverfcibje Gate 



The authors recently proposed a 4*4 one through 
Figure 1. It can be verified that the input pattern 
uniquely determined. The proposed TSG gate is 
work singly as a reversible Full adder. Fi 
reversible Full adder. 






kte called TS gate (TSG) [12] which is shown in 
sponding to a particular output pattern can be 
of implementing all Boolean functions and can also 
\ows the implementation of the proposed gate as a 



P=A 

Q=A'C , ®B' 
R^A'C'QB')® D 

^=(A , C , ©B')-D©(AB®C) 



Figure 1. Proposed TSG Gate 

A 



A©B©Cin=Sum 
<A©B ) Cin® a B= C out 



Figure 2. TSG gate Implemented as a Full Adder 
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A number of reversible full adders were proposed in [6,7,8,9]. The reversible full adder circuit in [6] requires 
three reversible gates (two 3*3 new gates and one 2*2 Feynman gate) and produces three garbage outputs 
(garbage output refers to the output that is not used for further computations. In other words, it is not used 
as a primary output or as an input to other gate) . The reversible full adder circuit in [7,8] requires three 
reversible gates (one 3*3 new gate, one 3*3 Toffoli gate and one 2*2 Feynman gate) and produces two 
garbage outputs. The design in [9] requires five reversible Fredkin gates and produces five garbage outputs. 
The proposed full adder using TSG in Figure 2 requires only one reversible gate (one TSG gate) and 
produces only two garbage outputs. Hence, the full-adder design in Figure 2 using TSG gate is better than 
the previous full-adder designs of [6,7,8,9]. A comparison of various full adders is shown in Table 1. 



Table 1. Comparison of Various Reversible Full Adder Circuits 



Proposed 
Circuit 



Existing 
Circuit [6] 



Existing 
Circuit 

[7,8] 



Existing 
Circuit [9] 



Number of 
Gates 



Number of 
Garbage 
Outputs 



Unit 
Delay 



e 



3. Novel Reversible Multiplier Architecture 



lltiplier architecture is an improvement over reversible array 



aj(thrfe\ti/re in conventional arithmetic (logic) has been reported in, but 
tol^^based on reversible logic and reversible cells as its building block. 



The proposed reversible NXN bit paral^ 
multiplier [11]. Similar multiplier a^j 
the proposed one in this paper 

It is based on two concepts. T^upartial products can be generated in parallel with a delay of d using 
Fredkin gates and thereafteytij^lxlition can be reduced to log 2 N steps by using reversible parallel adder 
designed from TSG gate^^£ph two adjacent partial products will be added together with an N-bit 
reversible parallel adderjj^mimber of interesting and optimized parallel adders are proposed in [12]. The 
addition of adjacent pjffjial products will generate the first level of computation with N/2 partial sums. 
These partial siMn/a% added again in the aforesaid fashion to create a second level of computation with 
N/4 partial sum^Jl^inal product will be obtained at the log 2 N level. The working of the multiplier can be 
deeply unde^lana by considering a binary tree having N leaf nodes (equivalent to N partial sums) which 
are merge 4 cfe^form their N/2 parents (equivalent to N/2 Partial Sums). These N/2 parents are again added 
in the irffi^eraid fashion and finally this process will be successively repeated to the get at the root of the 
ta^Wbl^roduct). Thus, the required number of levels to compute the multiplication result will be log 2 N. 
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Figure 3. Parallel generation of Partial Products using Fredlaj^a^ 

Since this architecture requires (N-i) of N-bit reversible adders, it J^^a total of N *(N-i) reversible full 
adder cells. So, the worst propagation delay of the proposed multijUi^ architecture can be computed as: - 
d+N*d'[log 2 N] where d and d' are the propagation delays of a Fifinan gate and reversible TSG gate (adder) 
respectively. By changing the type of adder such as reversible C^\( Carry Look Ahead Adder) to reversible 
CPA (Carry Propagate Adder) will make a substantial cha^gj^tne propagation delay. 

The proposed NXN reversible multiplier is designed^b^x4 bit. In the 4x4 multiplier, the partial products 
are generated in parallel using Fredkin gates asvAwn in Figure 3. Thus, we have 4 partial products 
generated as shown in Figure 4. Each 2 partial products are added using 4-bit reversible parallel adder 
creating the first level of computation whie^Hts 2 partial sums. These two partial sums are fed to the 
second level of 4- bit reversible parallel anhra^ resulting in the formation of the final product. The proposed 
reversible multiplier efficiency si^ifci|jiyy depends on the type of reversible parallel adders used in 
addition operation. The proposed r?^e%jible multiplier is shown in Figure 5 for 4x4 bit. The multiplier uses 
the proposed TSG gates as rever^l^e full adder units. 
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Figure 4. Methodology of 4x4 reversible Multiplier 
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Figure 5. Proposed 4 X4 Novel Reversible 
3.1. Evaluation of the Proposed Revej^jj^ Multiplier 
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The efficiency of the proposed reversible multiplier greatly dfcpe^LOS on the choice of the reversible parallel 
adder. The efficient parallel adders proposed in [12] will sk^Htantly improve the multiplier efficiency. The 
proposed architecture can further be optimized througfcAcontrol circuitry. As we have decomposed all the 
operations into levels, we can significantly reduce th^^ver consumption by employing a control circuitry 
which will switch off those levels which have don^welr computations. Therefore, switching off the levels as 
the computations proceed in the multiplio^wilr lead to a great reduction in power consumption. 
Furthermore, the multiplier can be optimp|d\for power by having leading zeroes count for both the 
multiplicand and the multiplier, thus re^te^g the power consumption by running less number of adders 
and switching off those adders wWdf aSi^iot in use. The multiplier is most optimized compared to its 
existing reversible counterpart in mature [11]. The proposed 4x4 bit multiplier is designed with bare 
minimum of 29 reversible gatesj^hile its existing counterpart in [11] has 40 reversible gates. The results can 
be generalized for NXN bits. ijd^Jtmbers of garbage outputs are nearly same for both the multiplier. Table 
2 shows the comparison ejijuWrjlv of the reversible multipliers. 



The focus of t]^^^er is the application of the recently proposed reversible 4*4 TSG gate. A NXN 
reversible m^jpHer is also proposed in this paper. It is proved that the proposed multiplier architecture 
using the riK^sed TSG gate is better than the existing counterpart in literature in terms of reversible gates 
and gaffeS^ outputs. All the proposed architectures are analyzed in terms of technology independent 
irafrtliA^lations. The technology independent analysis is necessary since quantum or optical logic 
implementations are not available. There are a number of significant applications of reversible logics such 
as low power CMOS, quantum computing, nano -technology, and optical computing and the proposed TSG 
gate and efficient multiplier architecture are one of the contributions to reversible logic. The proposed 
circuit can be used for designing large reversible systems. In a nutshell, the advent of reversible logic has 
contributed significantly in reducing the power consumption. Thus, the paper provides the initial threshold 
to build more complex systems which can which can execute more complicated operations. The reversible 
circuits designed and proposed here form the basis of the ALU of a primitive quantum CPU. 



4. Conclusions 
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Table 2. Comparison Efficiency of different 4x4 reversible Multipliers 



2. 

3- 
4- 
5- 
6. 

7- 
8. 





Proposed 
Reversible 4x4 
Multiplier 


Existing 4x4 
Counter 
Parts [11] 


Number of 
Gates Used 


29 


40 


owiLcning or tne 
levels (Power Saving) 


i es 


INO 


Efficiency depends on 
reversible Parallel 
Adder 


Yes 


No 


Overall Speed 


Fast As Parallel 
Adder Can be 
Used 


Slow as no 
parallel Adders 
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